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The importance of thyroid hormones during brain development has been appreciated for
many decades. In humans, low levels of circulating maternal thyroid hormones, e.g.,
caused by maternal hypothyroidism or lack of iodine in diet, results in a wide spectrum
of severe neurological defects, including neurological cretinism characterized by profound
neurologic impairment and mental retardation, underlining the importance of the maternal
thyroid hormone contribution. In fact, iodine intake, which is essential for thyroid hormone
production in the thyroid gland, has been related to the expansion of the brain, associated
with the increased cognitive capacities during human evolution. Because thyroid hormones
regulate transcriptional activity of target genes via their nuclear thyroid hormone receptors
(THRs), even mild and transient changes in maternal thyroid hormone levels can directly
affect and alter the gene expression proﬁle, and thus disturb fetal brain development.
Here we summarize how thyroid hormones may have inﬂuenced human brain evolution
through the adaptation to new habitats, concomitant with changes in diet and, therefore,
iodine intake. Further, we review the current picturewe gained fromexperimental studies in
rodents on the function of maternal thyroid hormones during developmental neurogenesis.
We aim to evaluate the effects of maternal thyroid hormone deﬁciency as well as lack of
THRs and transporters on brain development and function, shedding light on the cellular
behavior conducted by thyroid hormones.
Keywords: human brain evolution, developmental neurogenesis, cretinism, thyroid hormones, maternal hypothy-
roxinemia
INTRODUCTION
Thyroid hormones, that is, thyroxine (T4) and triiodothyronine
(T3), are tyrosine-based hormones. All mammalian organisms
maintain the same thyroid hormone structure, and in all verte-
brates thyroid hormones are generated and stored in the same
organ, the thyroid gland. Their synthesis requires iodine, and
they are produced by follicle cells in the thyroid gland and
secreted into the blood stream where they are transported to
all cells in the organism (for details see Miot et al., 2012). Even
though invertebrates do not have a thyroid gland, many organ-
isms (including insects, plants, and algae) take up iodine from
its environment and store iodine as a thyroid hormone pre-
cursor, that is, monoiodotyrosine (MIT) and diiodotyrosine
(DIT) which result from iodinization of tyrosines (Dumont et al.,
2011).
Upon binding to the thyroid hormone receptor (THR), the
active thyroid hormoneT3 act as transcriptional regulators by con-
trolling gene expression. The predominant and best-characterized
signaling pathway of T3 acts via their nuclear receptor, how-
ever, more recent studies describe non-genomic action of thyroid
hormones via integrin avb3, a cell membrane receptor (Bergh
et al., 2005; Davis et al., 2008, 2011). The major functions of
thyroid hormones in the adult is to regulate and increase the
basic metabolic rate, and are involved in many biochemical
reactions such as protein synthesis and enzymatic activity. Inter-
estingly, however, thyroid hormones are fundamental for brain
development and, more precisely, the maternal contribution
of thyroxine is essential for the embryo to develop normal
neurologic function and behavior. Given the ubiquitous (evolu-
tionary conserved) presence of thyroid hormones in mammals
and the deleterious defects in the absence of maternal thyroid
hormones, we aim to (1) review the current concept on the
role of thyroid hormones during brain evolution and (2) sum-
marize the experimental models that helped to shed light on
the underlying biological function of thyroid hormones during
neurogenesis.
POTENTIAL ROLE OF IODINE AND THYROID HORMONE IN
HOMINID EVOLUTION
About 13 billion years ago, star explosion expelled all of the star’s
material that was dispersed as “nuclear ash,” forming the founda-
tion of our planet Earth and the basis of all elements. Iodine is
a component originating from this supernova, and derived from
a process of nucleosynthesis. Iodine is scarce in the earth’s sur-
face, been washed away from terrestrial crust to the sea, which is
enriched in iodine (Venturi et al., 2000; Venturi, 2011).
Interestingly, iodine is hypothesized to represent the most
ancient source of anti-oxidant, and was present in primitive oxy-
genic cyanobacteria about 3.5 billion years ago. Recent studies
found iodinated tyrosines (MIT and DIT) present in unicellular
planktonic algae and in echinoid larvae. Sponges and corals con-
tain large quantities of iodine and iodotyrosines (Dumont et al.,
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2011). The presence of thyroxine in ﬁbrous exoskeletal sclero-
proteins of the lowest marine invertebrates (Venturi, 2011) may
suggest that the original source of iodine and thyroid hormones
in many animals might have been plants/algae, representing the
main resource of food of marine organism, rather then endoge-
nous production of thyroid hormones (Heyland and Moroz, 2005;
Dumont et al., 2011), though endogenous synthesis of iodothy-
ronines has been described for chordates (Dumont et al., 2011).
The distribution of iodine varies geographically, with ocean
and seawater presenting the major reservoir of iodine, while
iodine concentrations decrease further inland and in mountain-
ous regions. With the transfer of living organisms from the sea
to land, evolutionary adaptation to iodine deﬁciency occurred
(Venturi, 2011). The formation of the thyroid gland, allowing
the synthesis of thyroid hormones from iodine and their stor-
age, enabled the adaptation to the changing iodine concentration
(from iodine-rich ocean to iodine-deﬁcient terrestrial environ-
ment). Amphibian metamorphosis is completely dependent on
thyroid hormones. Iodine, thyroid hormones, and their receptors
are the essential metamorphic factors, transforming the aquatic
vegetarian tadpole into a more complex terrestrial carnivore frog.
Removal of the tadpole’s thyroid gland or inhibition of their thy-
roid hormone synthesis prevents metamorphosis (for review see
Furlow and Neff, 2006).
Studies in the 1940s by Roth propose that iodine injection
in the frog tadpole resulted in brain hypertrophy (Roth, 1946).
Removal of the thyroid gland in frog tadpoles leads to brain
atrophies, whereas engraftment of an additional thyroid gland
increased brain expansion so much that the cranium sometimes
bursts (Rey, 1948), reviewed in Venture and Bégin (2010) and
Borensztejn (2005). However, these studies should be considered
with caution as the experimental design and technical possibilities
may have been extremely limited during that time and up to date,
neither genetic nor pharmaceutical manipulation of thyroid hor-
mones and their receptors could conﬁrm the ﬁndings by Roth and
Rey in the 1940s in tadpoles.
With the evolution of a primary brain in marine animals
about 500–600 million years ago, thyroid cells originated from the
primitive gut in vertebrates and specialized in the uptake and stor-
age of iodo-compounds in a novel follicular thyroidal structure
(reviewed by Crockford, 2009).
Deﬁciencies in thyroid hormones in pregnant women directly
affect brain development of the fetus, resulting in neurological and
neurocognitive disorders in human infants with defects ranging
from decrease in intelligence and lethargy to mental retardation
(Vermiglio et al., 1995; Morreale de Escobar et al., 2004; de Escobar
et al., 2008; Berbel et al., 2009).
Normal human development strongly depends on (i) the intake
of iodine, (ii) a functional thyroid gland, and (iii) maternal
contribution of thyroxine during pregnancy. Inconstant and inad-
equate supply of iodine leads to goiter and cretinism. Goiter is
the enlargement of the thyroid gland due to iodine deﬁciency in
the diet. Cretinism is a medical condition due to dietary iodine
deﬁciency, which results in severe pathologies including motor
disabilities and neurological impairment. Congenital hypothy-
roidism is caused by the malfunction or absence of the thyroid
gland, which produces thyroid hormones from iodine. More
precisely, congenital hypothyroidism describes the deﬁciency in
thyroid hormones as of prenatal onset of thyroid dysfunction and
if diagnosed, can be treated by iodine supplementation and thy-
roxine (de Escobar et al., 2008; Berbel et al., 2009). Despite the
introduction of iodized salt, to date several million people globally
are affected by iodine deﬁciency, suffering from goiter and iodine
deﬁciency-related brain damage and mental retardation, of which
ﬁve million world-wide are diagnosed with cretinism (reviewed in
Dobson, 1998).
Iodine intake due to diet dramatically impacted human evolu-
tion and possibly affected human brain expansion. Several factors
may have had drastic impact on the iodine intake, such as (i) the
colonization of hominid species further inland and in mountain-
ous habitats, away from the iodine-rich oceans, (ii) the changing
environmental condition such as temperature, as well as the (iii)
dietary changes (from vegetarian to almost exclusively carnivorous
diets).
Human brain evolution can be divided into four broad phases,
that is, phase 1 Australopithecines, phase 2 Homo (H.) habilis,
phase 3 H. erectus to early H. sapiens, and phase 4 early to present
H. sapiens (Cro-Magnon type). Concomitant with the changes in
habitat and consequently in diet during human evolution, relative
brain size increased (that is the increase in brain weight relative to
body weight) from Australopithecines to present H. sapiens (Cun-
nane and Crawford, 2003). While the average brain volume of
Australopithecineswas comparable to chimpanzee (450 g), the vol-
ume increased to around 650 g inH. habilis, 940 g inH. erectus, and
1400 g in H. sapiens (Cunnane and Crawford, 2003; Borensztejn,
2005).
Australopithecine habitat is thought to have changed from
closed forest to open woodlands, with their predominant diet
being mixed fruit, nuts, and smaller animals (e.g., small mam-
mals, amphibians, and reptiles). The continuous consumption
of high levels of thyroid hormones and iodine may have altered
thyroid hormone rhythms, i.e., the concentration and/or periodic
extent of maternal thyroid hormone contribution in the offspring,
and induced changes in brain growth of the fetus. These modiﬁ-
cations in embryo brain architecture may have been sufﬁcient to
stimulate brain expansion concomitant with a prolongation of
fetal development, thereby extending the duration of neurogene-
sis and leading the way to the emergence of H. habilis (reviewed
in Venture and Bégin, 2010; Venturi, 2011). H. habilis invaded
more open habitats with abundant mammalian species, as dietary
resources. Therefore, their diets were rich in brain-selective nutri-
ents, including polyunsaturated fatty acids that are necessary for
brain development and function (Cunnane and Crawford, 2003).
This diet, enriched in fat and meat, further sustained the higher
demand of energy of a bigger brain (Cunnane and Crawford,
2003). While their dietary effects on brain size expansion may
have not been as drastic as observed for Australopithecines, the
diet may still have been advantageous to support behavior traits.
AlthoughAustralopithecinesmay have usedwooden sticks, animal
bones, and horns as ﬁshing tools, H. habilis was recognized to be
the ﬁrst hominid to use stone to make tools, and the ﬁrst human
ancestor to show traces of asymmetry in the brain’s left hemi-
sphere that is associated with development of areas for speech and
language.
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The evolution from H. erectus to present H. sapiens is further
characterized by expansion of relative brain weight, concomitant
with increased cognitive abilities and hunting skills. Further, the
evolution of early H. sapiens coincided with major global climate
change, plausibly resulting in crucial changes in many habitats and
animal population, again resulting in alteration of H. sapiens diet
depending on more intensiﬁed hunting and ﬁshing. The increased
consumption of dietary iodine and thyroid hormones may have
triggered further shifts in thyroidhormone rhythms andpromoted
reproduction. Shore-based habitats further positively inﬂuenced
iodine intake, and selection pressure would have favored individu-
als with thyroid hormone rhythms adapted to function best in new
environmental conditions and habitats (for details see Crockford,
2003; Venture and Bégin, 2010).
Interestingly, Dobson (1998) proposed that Neanderthals suf-
fered iodine deﬁciency disorders, possibly caused by the inland
environment or by genetic differences of their thyroid gland com-
pared to modern H. sapiens. The cold climate might have forced
Neanderthals to move further inland, away from thyroid hormone
and iodine-rich shore lands and diet, resulting in cretinism due to
iodine deﬁciency. DistinctiveNeanderthal skeletal traits are identi-
cal to those of modernhumans that suffer fromcretinism.Andvice
versa, human cretin skeletons resemble Neanderthals much more
than modern humans (Dobson, 1998). Dobson postulates that a
single genetic alteration, which improved the ability of the thyroid
gland to uptake and utilize iodine, may account for differences
between Neanderthals and modern humans.
Recently, studies by Obendorf and Oxnard hypothesize that
H. ﬂoresiensis, a pygmy-sized, microcephalic hominin who lived
from 95,000 to 13,000 years ago in Liang Bua on Flores (Indone-
sian Island), were myxoedematous endemic (ME) cretins, part of
an inland population of (mostly unaffected)H. sapiens. ME cretins
display symptoms of clinical hypothyroidism and are born with-
out a functional thyroid due to iodine deﬁciency and subsequent
lesion of thyroid. The lack of maternal and fetal thyroid hormones
during the second half of gestation and in young infants up to
3 years of age results in dwarﬁsm and reduced brain size. How-
ever, this condition is less severe than neurological cretinismwhich
is characterized by severe neurological lesions without clinical
hypothyroidism caused by severe iodine deﬁciency resulting in low
maternal thyroid hormones during ﬁrst half of gestation (Oben-
dorf et al., 2008). Further examinations of cretin postcrania reveal
evidence that cretins share numerous postcranial features with H.
ﬂoresiensis (Oxnard et al., 2010, 2012). In agreement with these
ﬁndings, analyses of human genetic variation revealed genomic
regions that show signs of selection in the short-statured African
Pygmy group; two of these regions concern the thyroid hormone
pathway. Pygmies may have adapted to iodine-deﬁcient areas, i.e.,
forest by genetic changes in their thyroid hormone pathway (Lopez
Herraez et al., 2009). Although it is tempting to speculate that
adaptation to natural iodine occurrence may have had an inﬂu-
ence on brain evolution, clear molecular and genomic evidence is
still lacking and needs further experimental proof.
The increasing complexity of the brain is further achieved by
neuronal maturation and formation of connections. A major
function of thyroid hormones is neuron and oligodendrocyte
differentiation and maturation, axonal and dendrite growth,
synaptogenesis and myelination. Recent studies reported a devel-
opmentally prolongedmyelination in humanneocortex compared
to chimpanzee. Examination of length and density of myelinated
axons and expression of myelin-related proteins revealed to be
protracted in humans (Miller et al., 2012), which may be the
result of time- and dose-dependent species-speciﬁc effects of thy-
roid hormones. The amount of thyroid hormone secretion and
its timing, as well as the pulsatile rhythm of its production, is
species-speciﬁc (reviewed and summarized in Crockford, 2003).
High resolution proteomic analysis of adult human and chim-
panzee blood plasma and cerebrospinal ﬂuid samples revealed –
despite very few species-speciﬁc differences, indicating a remark-
able degree of conservation during 12 million years of evolution –
a twofold increase in chimpanzee transthyretin, a thyroid hor-
mone transporter expressed by the choroid plexus (Gagneux et al.,
2001). Further, humans have lower plasma concentration of free,
unbound T3 and T4, but higher total concentration of T4 than
chimpanzee. Lower T4 to T3 ratio in chimpanzee, together with
the skeletal traits and growth-retarded anatomical features, might
reﬂect an iodine-deﬁcient and hypothyroidism condition seen in
modern humans (Previc, 2002). Tyrosine hydroxylase levels are
positively regulated by thyroid hormones (Claustre et al., 1996),
thus deﬁciency in thyroid hormones reduces the conversion of
tyrosine to dopa, the precursor to dopamine. Dopaminergic activ-
ity is linked to various intellectual skills, and it is tempting to
speculate that an evolutionary increase in thyroxine (T4) produc-
tion and, therefore, increased dopaminergic action in humans
compared to chimpanzee, may have lead the way to increased
intellectual capability and higher cognitive abilities (Previc, 2002).
Ideally, to explore human-speciﬁc differences in thyroid hormone
expression and the transcriptional regulation of its target genes
that may have played a role in brain evolution, one would like to
analyze the transcriptomes of neurogenic developmental stages in
chimpanzee and human fetal brain.
The turnover rates of thyroid hormones are distinct in many
species. Interestingly, turnover times in Neanderthals are thought
to be similar to modern dogs and cats, and therefore, more than
ten-times faster compared to H. sapiens (Kaptein et al., 1994);
(Venturi, 2011). These species-speciﬁc differences in thyroid hor-
mone rhythm offer an evolutionary model of heterochronic
speciﬁcation during hominid evolution.
In human (and most vertebrate species), the growth, matu-
ration, and morphological outcome of the offspring is directly
inﬂuenced by thyroid hormones provided by the mother pass-
ing through the placenta, thereby controlling the growth and
development of the fetus. Therefore, alteration in thyroid hor-
mone concentration and availability (i.e., environmental changes
and iodine accessibility) could translate into physiological and
developmental responses in the offspring (thereby, connecting
individuals without direct genetic modiﬁcation) leading to effec-
tive genetic variations in the offspring that, in turn, mediates
speciation events (i.e., expansion of brain size; Crockford, 2003,
2009; Venture and Bégin, 2010). Thyroid hormones, in particular
T3 act via nuclear THRs to regulate gene expression, including
nerve and epidermal growth factors that are crucial regulators
of brain development (Giordano et al., 1992; Venture and Bégin,
2010). Additionally, many genes are involved in cell cycle exit
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and differentiation, and in controlling growth and development.
Therefore, changing thyroid hormone levels can have the same
effect as a mutation to these genes themselves, suggesting an
evolutionary control mechanism in all vertebrates (Crockford,
2003).
CELL BIOLOGICAL EFFECTS OF THYROID HORMONES
DURING MAMMALIAN NEUROGENESIS
The key question that arises is how thyroid hormones inﬂu-
ence brain development. In the following, we will summarize the
knowledge we have gained employing rodents as an experimen-
tal model system to interfere with (a) maternal thyroid hormone
contribution and (b) genetic manipulation of thyroid hormone
components, such as receptors and transporters.
One important aspect to note is the timing and duration of
the neurogenic period and the fetal thyroid gland formation and
its maturation in various species (Howdeshell, 2002). Cortical
neurogenesis, which is the generation of neurons from cortical
progenitor cells, occurs in humans from week 5–20 of gestation,
the earliest secretion of fetal thyroid hormones, however, starts
during mid-gestation around week 18–22 of gestation (Obregon
et al., 2007). In contrast, the cortical neurogenic phase in rat takes
place from embryonic day (E)11 to E21, with E18 being the onset
of fetal thyroid hormone secretion. The peak of neural maturation
and myelination, axon and dendrite formation as well as synapto-
genesis occurs in rodentswithin the ﬁrst postnatal weeks, thus fully
relying on thyroid hormones of the fetus/newborn. Interestingly,
this corresponds to the third trimester of gestation in humans
and thus, the human fetus is still exposed to maternal thyroid
hormones during the majority of cortical neurogenesis, neuronal
migration, and early phases of neuronalmaturation (axonogenesis
and dendrogenesis). Remarkably, the human fetal thyroid gland is
fully functional at birth, while in rats it still continues to develop
during the ﬁrst postnatal weeks (reviewed in Ahmed et al., 2008).
It is tempting to speculate that the constant and – relatively speak-
ing – longer supply of maternal thyroid hormones during human
fetal brain development compared to rat might be an underlying
cause for the evolutionary expansion of the human brain and the
increased cognitive abilities.
Therefore, the following part of this review will focus on the
maternal contribution of thyroid hormones during neurogenesis
in the embryonic neocortex [and we refer to excellent reviews
summarizing the effects of thyroid hormones during postnatal
neurogenesis (Anderson et al., 2003; Ahmed et al., 2008)].
The mammalian neocortex is a six-layered structure that
contains (as neural cell types) neurons, astrocytes, and oligo-
dendrocytes. All these cell types present in the adult cortex arise
from neuroepithelial (NE) cells that, during development, line
the ventricle. NE cells transform into radial glia cells (RGCs) that
initially proliferate and divide symmetrically to expand the pro-
genitor cell pool. Over the course of neurogenesis, RGCs start to
divide asymmetrically to give rise to either directly a neuron or,
more frequently, to a progenitor that is committed to the neu-
ronal cell lineage. Referring to the location of their mitosis, the
above-mentioned progenitors are collectively referred to as apical
progenitors (APs; Fietz and Huttner, 2011; Lui et al., 2011). AP
cell bodies reside in the ventricular zone and, therefore, have ideal
access to themajor source of thyroid hormones present in the cere-
bral spinal ﬂuid (CSF) produced and secreted from the choroid
plexus (Dratman et al., 1991). Further, APs maintain apical–basal
polarity. Thus, they not only have access to the thyroid hormone-
richCSF in the ventricle via their apical side, but alsopossess a basal
process that contacts the basal lamina at the meninges, an envi-
ronment also likely to be enriched in maternal thyroid hormones
that have crossed the blood–brain barrier. Besides APs, there exists
a second principal class of cortical progenitors, referred to collec-
tively as basal progenitors (BPs). In contrast to APs, BPs display
no apico-basal polarity and, therefore, have no direct access to the
CSF. Moreover, only a subtype of BPs called basal RGC, which is
rare inmouse and rat,may contact the basal lamina andhave access
to thyroid hormones if present there (Lui et al., 2011). BPs derive
from asymmetric division of APs,move their cell body basally into
the subventricular zone and in mouse in ≈90% of cases generate
two neurons, which will migrate to the cortical plate (Noctor et al.,
2004; Attardo et al., 2008).
A recent study by Mohan et al. (2012) addressed the effect of
maternal thyroid hormones on progenitor proliferation during
cortical development. The rate of neural progenitor prolifera-
tion, and subsequent neuronal differentiation, was impaired in
the developing embryonic cerebral cortex of hypothyroid rats.
Deﬁciency in maternal thyroid hormones reduced both, the AP
and the BP population, however, with a greater effect on BP
proliferation, which likely was due to the initial reduction of
BP-generating APs. As a consequence, all neurons, including
early- as well as late-born neurons, were reduced, leading to
a reduction in overall cortical thickness (Mohan et al., 2012).
Interestingly, THRs and transporters are up-regulated in hypothy-
roid embryonic cortices, indicating the presence of a protec-
tive fetal mechanism to maternal thyroid hormone deﬁciency.
In essence, Mohan et al. (2012) showed that maternal thyroid
hormones inﬂuence cortical progenitor cell behavior, highlight-
ing the importance of maternal contribution to fetal brain
development.
From an evolutionary perspective, the increased gestational
length and neurogenic period combined with the longer supply of
maternal thyroid hormones in human may have led to sustained
progenitor proliferation and ultimately, to the increased neuronal
output.
It is therefore interesting to note that most genetic manipula-
tion of THRs, deiodinases, and transporters in rodents did not
result in the dramatic neurological defects observed in humans.
Patients with an inactivating mutation in the human X-linked
MCT8 (monocarboxylate transporter 8) gene, a thyroid hormone
transporter, suffer from severe psychomotor retardation resem-
bling hypothyroid patients, whereas Mct8 deﬁciency in mice failed
to replicate the neurological symptoms, indicating that human
fetal brain development ismore sensitive to thyroid hormone ﬂuc-
tuations (reviewed in Horn and Heuer, 2010; Grijota-Martinez
et al., 2011).
Thyroid hormone receptors and -transporters are expressed in
the developing brain, and become increasingly expressed with the
progression of neurogenesis.
The nuclear THRs are encoded by the THRA and THRB
gene, which are transcribed into several isoforms. TH receptors
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alpha and beta display distinct spatiotemporal expression pat-
terns in the developing mammalian cortex (Bradley et al., 1989,
1992). THR alpha 1 and -2 are widely expressed, with highest
expression in the cortical plate, the site of cortical neuron dif-
ferentiation. THR beta 1 transcript is restricted in distribution,
with prominent expression in zones of neuroblast proliferation
such as the germinal trigone and the cortical ventricular layer
(Bradley et al., 1992). Nuclear TH receptors are present from the
early onset of embryonic brain development in rodent as well
as in human (Iskaros et al., 2000). Mouse transcriptome analy-
ses of proliferative neural progenitors compared to fate-restricted,
neurogenic progenitors indicated that concomitant with neuronal
lineage commitment, the TH receptor beta and thyroid hormone
transporter, Mct8, are more highly expressed (Arai et al., 2011).
Strikingly, however, thryoid hormone receptor alpha (THRA) and
thryoid hormone receptor beta (THRB)-deﬁcient mice do not
phenocopy the deleterious neurodevelopmental defects observed
in hypothyroid rodents (Gothe et al., 1999), suggesting compen-
satory effects by other regulatory mechanisms. Further evidence
was provided by introducing a point mutation in THRA which
acts as a dominant-negative receptor that can bind DNA and
recruits transcription co-repressors but fails to interact with T3,
leading to a phenotype similar to congenital hypothyroidism
(Flamant and Quignodon, 2010). It has been suggested, there-
fore, that the presence of unliganded THRs bound to DNA and
thereby repressing gene transcription might be the underlying
cause for the effects mediated by hypothyroidism (Chatonnet
et al., 2011; Fauquier et al., 2011; Bernal and Morte, 2012). This
is further supported by a recent study analyzing the regula-
tion of positive and negative genes in the cerebral cortex and
striatum of THR knockout mice and hypothyroid mice, identi-
fying THR alpha 1 a the predominant regulator (Gil-Ibanez et al.,
2013). By contrast, the plain absence of any DNA-bound nuclear
THR does not lead to gene repression and neurodevelopmental
defects.
While it was previously assumed that thyroid hormones dif-
fuse passively into the cell, it has now become clear that their
concentration is tightly regulated in the fetal brain by (i) the cell
membrane transporters,Mct8 andMct10 andorganic anion trans-
porter 2 and 3 (Oatp2 and Oatp3) that actively transport thyroid
hormones across the cell membrane into the cell (reviewed in
Horn and Heuer, 2010; Patel et al., 2011), and (ii) local conver-
sion of thyroxine, T4, to the biologically active T3 by deiodinase
type 2 (D2). High levels of T4 and T3 are detected in the embry-
onic brain before the secretion of fetal thyroid hormones from
the fetal thyroid gland, indicating the functional relevance of
maternal thyroid hormone. Further, almost all T3 in the brain
is produced by local conversion of maternal T4 by D2 (Grijota-
Martinez et al., 2011). In fact, there is a preferential protection of
the fetal brain from T3 deﬁciency that is mediated by maternal
T4, but not maternal T3. Any condition lowering maternal T4 is
harmful for the brain development of a hypothyroid fetus, and
cannot be restored by T3 injection alone in the pregnant mother
(Calvo et al., 1990). Expression studies revealed the presence of D2
in glial cells in the cerebral cortex of neonatal rats, with several fold
up-regulation in hypothyroid rats compared to control (Guadano-
Ferraz et al., 1999). However, D2 knockout mice display only mild
neurodevelopmental phenotype, despite reduced T3 levels in the
neonatal brain similar to hypothyroid rats, suggesting that impor-
tant compensatory mechanisms must be in play in the brain to
minimize functional abnormalities in the absence of D2 (Galton
et al., 2007; Morte et al., 2010a).
The deiodinase type 3 (D3), which catalyzes the deiodination of
T4 to reverse T3, the biologically inactive thyroid hormoneT3, acts
as a thyroid hormone inactivator. In contrast toD2,which removes
one iodine atom from the outer ring structure of T4 to produce the
biologically active T3, D3 removes one iodine atom from the inner
ring structure. Further D3 catalyzes the deiodination of the active
T3 to the inactive diiodothyronine (T2). D3 is highly expressed
in the placenta at the maternal–fetal interface, suggesting its reg-
ulatory function in mediating and modifying the maternal input
of thyroid hormones and by this, the thyroid hormone status, i.e.,
maternal T4 andT3 concentration in the fetus (Huang et al., 2003).
Lack of D3 function in mouse leads to neonatal thyrotoxicosis and
delayed clearance of T3, indicating a crucial role for D3 in matura-
tion and function of the thyroid hormone regulatory mechanism
(Hernandez et al., 2006, 2012).
Congenital hypothyroidism (i.e., failure to develop a func-
tional thyroid gland in the fetus and, therefore, lack of thyroid
hormone production) does not cause gross developmental abnor-
malities, if detected and subsequently treated with thyroxine
supplementation after birth. In fact, introduction of screening
for hypothyroidism and immediate supplementation with thyroid
hormones result in normal physical and intellectual development
(Ares et al., 2005; Moleti et al., 2008, 2009; Berbel et al., 2009).
Therefore, presence of maternal thyroid hormones protects the
fetus even in case of fetal thyroid dysfunction. The maternal
contribution still presents an essential proportion of the thyroid
hormone supply to the fetus, indicated by the circulating levels of
maternal T4 in the fetus. This not only demonstrates the impor-
tance of maternal thyroid hormone during the entire period of
fetal brain development, but also shows that the fetal brain can be
protected from irreversible damage when fetal thyroid hormones
are absent.
Mild and transient reduction of maternal thyroid hormones
to 70% of normal thyroid hormone serum levels from E12 to
E15 in rat results in abnormal neural migration and misplaced
neurons present even in the young adult (Auso et al., 2004).
Further, this study shows alteration in radial migration of glu-
tamatergic (excitatory) neurons, but not GABAergic (inhibitory)
neurons. Whereas in the rat cerebellum, hypothyroidism caused
a decrease in the number of cerebellar GABAergic interneu-
rons due to decreased proliferation and delayed differentiation
of the precursor cells (Manzano et al., 2007), indicating differ-
ent sensitivity of progenitors and neurons to thyroid hormones
in the various parts of the brain. The relatively mild degree of
maternal hypothyroxinemia already altered the organization of
the neocortex, with around 20% of glutamatergic neurons in
abnormal location, and resulted in functional neurologic deﬁcit
as evidenced by an increased frequency of abnormal responses
to an acoustic stimulus (Auso et al., 2004). Phenotypically sim-
ilar defects were observed in newborn pups of iodine-deﬁcient
rats, which were severely deﬁcient in maternal T4 (Lavado-Autric
et al., 2003). Iodine deﬁciency in the diet of pregnant rats as
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well as humans results in decreased circulating free T4, but
no signiﬁcant alteration in T3 levels (Escobar-Morreale et al.,
1997; Lavado-Autric et al., 2003), indicating that maternal T4,
but not maternal T3, is essentially required for normal fetal
neural development (Calvo et al., 1990). This is in line with
previous observations that maternal T4 is the major source of
locally converted fetal T3 in the brain. BrdU labeling during
mid-gestation (and before the onset of fetal thyroid hormone
secretion at E18 in rat) revealed abnormally located neurons in
the cortex and hippocampus, indicating alteration of neuronal
migration during corticogenesis (Auso et al., 2004; Lavado-Autric
et al., 2003). Mild to severe iodine deﬁciency in the diet of rats,
resulting in maternal hypothyroxinemia, leads to cytoarchitec-
tonic changes, such as blurred layering in the cortex, which might
be the underlying cause of cerebral damage and impaired brain
function, which has also been described in humans deﬁcient
of iodine (Lavado-Autric et al., 2003; Auso et al., 2004). Long-
term observation of children born by mothers from a mild to
moderate iodine-deﬁcient geographic area has revealed impaired
neuropsychological and cognitive performance, and 68% of chil-
dren were diagnosed with attention deﬁcit and hyperactivity
disorder (Vermiglio et al., 2004). Despite normal thyroid hor-
mone levels after birth, the children born in iodine-deﬁcient areas
developed neurological deﬁcits, indicating that maternal thyroid
hormone contributionduring early pregnancy is essential and can-
not be restored upon presence of fetal thyroid hormones. Even
a delay of 6–10 weeks in iodine supplementation of hypothy-
roxinemic mothers at the beginning of gestation increased the
risk of neurodevelopmental delay in the progeny (Berbel et al.,
2009).
Manipulation of thyroid hormone levels in pregnant rats before
the onset of fetal thyroid function has been shown to affect gene
expression in the fetal rat brain, indicating that maternal thyroid
hormones can directly inﬂuence the gene expression during fetal
neurogenesis (Dowling et al., 2000; Morte et al., 2010b). The genes
identiﬁed by differential display analysis were selectively expressed
in brain regions known to contain THRs, which act as ligand-
activated transcription factors. Severe maternal hypothyroidism
alters the gene expression of cerebral genes during mid-gestation,
and responds rapidly to a single injection of T4 into dams (Berbel
et al., 2010; Dowling et al., 2000). Dose-dependent differences
in gene expression proﬁles were also evident when comparing
varying degrees of thyroid hormone deﬁciency (mild to severe
hypothyroidism) in rat hippocampus and neocortex (Royland
et al., 2008), indicating different responses to thyroid hormones
in different brain areas and at different developmental stages.
Interestingly, the growth arrest and DNA-damage-inducible 45
b (Gadd45b) gene is differentially regulated by thyroid hormones
(Dong et al., 2005). Gadd45b has been shown to link neural cir-
cuit activity to epigenetic DNA modiﬁcation and expression of
secreted factors important during adult neurogenesis (Ma et al.,
2009). Recently, a comparison of human-speciﬁc deletion in non-
coding sequences compared to chimpanzee and other mammals
identiﬁed a region near the Gadd45g that has been correlated with
the expansion of the forebrain region in humans (McLean et al.,
2011). It is interesting to note that thyroid hormones may have an
effect on gene expression of evolutionary distinctly regulated genes
involved in brain expansion, especially in the context that hominid
ancestors are hypothesized to reﬂectmodernhypothyroidhumans,
i.e., cretins.
Interestingly, a recent study by Chatonnet et al. (2013) found
a receptor-selective regulation of T3 target genes in neural cells,
suggesting that evolutionary divergence of THRs alpha and beta
may have occurred. It would be interesting to further investi-
gate the presence and responsiveness of THR alpha and beta and
the regulation of their distinct target genes during human brain
evolution.
Thyroid hormone receptor binding sites and target genes
that have been identiﬁed govern many genes involved in neu-
ron development and neuronal migration, e.g., Neurogenin 2,
Reelin receptor Vldlr, as well as signal transduction (Dong et al.,
2009). The function of Reelin in neuronal migration has been
well-characterized, and recently Pathak et al. (2011) demon-
strated transcriptional control of Reelin by thyroid hormones
through the presence of an intronic thyroid hormone response
element. Deﬁciency of maternal thyroid hormones resulted in
down-regulation of Reelin and, consequently, a loss of neuronal
bipolarity and impaired neuronal migration (Pathak et al., 2011).
Because actin and microtubule polymerization is affected by thy-
roid hormones (Leonard and Farwell, 1997), the lack of F-actin
assembly and, therefore, changes in cytoskeleton organization in
hypothyroid rats (Silva et al., 2006) may be an additional cause
for the defects in neural cell migration. Further, thyroid hor-
mones modify the expression of many extracellular matrix (ECM)
molecules present in the cerebral cortex during neurogenesis, i.e.,
laminin, ﬁbronectin, tenascin-C as well as adhesion molecules,
such as neural cell adhesion molecule (NCAM; Iglesias et al., 1996;
Alvarez-Dolado et al., 1998; Farwell and Dubord-Tomasetti, 1999;
Lin et al., 2004). Alteration of ECM composition may directly
affect neuronal migration and lead to the ectopically located neu-
rons in damns of iodine-deﬁcient mothers. Abnormal neuronal
migration and maturation can ultimately lead to aberrant circuits,
which can underlie an impaired brain function and neurological
disorders.
CONCLUSION
In summary, in the last decades many studies addressed the func-
tion of maternal thyroid hormones and its effects on target gene
expression and transcriptional control, and ultimately, the conse-
quences on cell behavior. It has become clear that the maternal
contribution is essential for the normal development of a fetal
brain, and we begin to understand and unravel the complex roles
of thyroid hormones in brain development, and its implication
during brain evolution. First, it is an interesting hypothesis that the
evolutionary adaptation to new habitats and with this, the adapta-
tion to new diets and iodine intake might be an underlying cause
for the evolutionary expansion of the brain. The initial transition
of animals from sea to land was accompanied with the formation
of the thyroid gland, representing a reservoir for the storage of
iodine when adjusting to iodine-deﬁcient habitats. Second, iodine
and thyroid hormones are indispensable for frog metamorphosis,
and their deﬁciency has deleterious effects on fetal brain develop-
ment in mammalian species. Third, hominid evolution, which
is characterized by increased cognitive skills and abilities due
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to the drastically enlarged neocortex, has been linked to iodine
availability, which is further underlined by the phenotypical
similarities of Neanderthals and the pygmy-sized, microcephalic
H. ﬂoresiensis with modern human cretins. Crockford (2003)
hypothesized and formulated the thyroid rhythm theory, which
predicts that when an ancestral species colonizes a radically new
habitat with novel stress-producing characteristics, descendant
species will be morphologically distinct but genetically similar
until mutations have had a chance to accumulate. Thereby, it is not
so much the genetic regulation and alteration in gene expression
by thyroid hormones that resulted in the evolutionary expansion
of the brain, but much more the tweaking of thyroid hormones
in a dose- and time-dependent fashion and thereby exhibiting dif-
ferent effects on different brain regions that enable the increase in
cognitive abilities.
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